A Ab bs st tr ra ac ct t The establishment of neuronal connections during embryonic development requires the precise guidance and targeting of the neuronal growth cone, an expanded cellular structure at the leading tip of a growing axon. The growth cone contains sophisticated signaling systems that allow the rapid communication between guidance receptors and the actin cytoskeleton in generating directed motility. Previous studies demonstrated a specific role for the Nck/Dock SH2/SH3 adapter protein in photoreceptor (R cell) axon guidance and target recognition in the Drosophila visual system, suggesting strongly that Nck/Dock is one of the long-sought missing links between cell surface receptors and the actin cytoskeleton. In this review, I discuss the recent progress on dissecting the Nck/Dock signaling pathways in R-cell growth cones. These studies have identified additional key components of the Nck/Dock signaling pathways for linking the receptor signaling to the remodeling of the actin cytoskeleton in controlling growth-cone motility. 
Introduction
The normal function of the nervous system relies on a complex and precise network of neuronal connections. To establish a connection with its target cell during development, a neuron sends out an axon, which often travels over relatively long distance towards the target region in response to guidance cues present in the surrounding environment (i.e. axon guidance) [1] . After reaching the target region, the axon shuts down motility in response to specific targeting signals and subsequently selects a specific target cell within the target field for establishing synaptic connections (i.e. target recognition). The movement of an axon is directed by the growth cone, a sensorimotor structure located at the leading edge of a growing axon. The growth cone possesses sophisticated signaling systems that allow cell surface receptors to communicate with the actin cytoskeleton, thus rapidly converting extracellular guidance and targeting signals into directed movement or the arrest of outgrowth [2, 3] . Accumulated evidence supports that the signaling mechanisms linking growth-cone receptors to the actin cytoskeleton are evolutionarily conserved and appear to be utilized in many other biological processes that require dynamic remodeling of the actin cytoskeleton [2, 3] . Thus, the dissection of the growth-cone signaling systems not only helps to understand the mechanism of axon guidance and target recognition during neural development, but also sheds light on the general signaling mechanisms underlying the restructuring of the actin cytoskeleton in response to extracellular signals.
During past two decades, a combination of biochemical, immunological and genetic studies in both vertebrates and invertebrates have led to significant progress on the understanding of the molecular mechanism of axon guidance and target recognition [1, 2, 3] . A number of growth-cone receptors that detect short-range or long-range cues have been identified. The mechanisms by which these receptors transduce the guidance and targeting signals into the changes in the actin cytoskeleton are also beginning to emerge.
In this review, I will focus on discussing the recent progress on the dissection of the Nck/Dock signaling pathways for regulating photoreceptor (R cell) axon guidance and target recognition in the Drosophila visual system. The wiring of neural network in the Drosophila visual system has been proven to be a powerful model system for genetic dissection of axon guidance and target recognition [4, 5] . The pattern of R-cell-to-brain connectivity in the fly visual system is relatively simple and can be easily visualized. Moreover, the development of the Drosophila compound eye has been extensively studied. A large collection of sophisticated molecular and genetic tools are available for detailed phenotype analysis of genes that encode for signaling proteins expressed in R-cell growth cones. Furthermore, the powerful fly genetics and the recent completion of the genome project greatly facilitate the identification and characterization of genes in Drosophila.
The Establishment of R-cell Connectivity in the Developing Fly Visual System
The Drosophila adult visual system is comprised of the compound eye and the optic lobe. The compound eye consists of ~750 ommatidia, or single eye unit. Each ommatidium contains eight different photoreceptor neurons (R cells), which are numbered R1-R8. R cells are born at third-instar larval stage, when precursor cells in the eye-imaginal disc begin to differentiate into R cells [6] . Within each ommatidium, the R8 precursor cell differentiates first, followed by R1-R7 cells. The pioneer R8 axon migrates toward the posterior edge of an eye-imaginal disc, where it converges with axons from other ommatidia and subsequently enters the optic stalk, a structure that connects the eye disc and the brain (Fig. 1A) . After exiting the optic stalk, the R8 axon migrates over the superficial layer of the optic lobe, the lamina, and subsequently terminates in the deeper medulla layer. Within each ommatidium, the axons projected from later born R1-R7 cells form a single fascicle with the pioneer R8 axon, and thus follow the route of the R8 axon until reaching a region in between two layers of lamina glial cells (i.e. epithelial and marginal glia). Here R1-R7 axons have to make a decision, whether to stop within the lamina or to migrate further into the medulla. In response to a stop signal from lamina glial cells [7] , R1-R6 axons terminate in the lamina (Fig. 1A) . During pupation, R1-R6 growth cones undergo further stereotyped rearrangements and establish synaptic connections with lamina cartridge neurons [8, 9] . In contrast, R7 growth cones extend further into the medulla and terminate within a layer (i.e. M7) that is deeper than the R8 terminal field (i.e. M3) (Fig.1A) .
Dreadlocks (Dock) Is Specifically Required for R-cell Axon Guidance and Target Recognition in the Fly Visual System
The Dreadlocks (dock) gene was originally identified by Garrity and Rao in the Zipursky group in a forward genetic screen for mutations that disrupted R-cell axonal projection pattern but not affected R-cell differentiation and cell fate determination [10] . While loss of dock did not affect R-cell growth-cone motility, it caused abnormal axonal fasciculation, altered local retinotopic array, abnormal completed wiring pattern in the medulla, dramatic reduction in the size of Rcell growth cones, and the mistargeting of R1-R6 growth cones into the medulla layer (Fig. 1B) . The dock gene encodes for a SH2/SH3 adapter protein consisting exclusively of three N-terminal Src homology 3 (SH3) domains and a single Cterminal Src homology 2 (SH2) domain [10] . Unlike Drk, another well-known SH2/SH3 adapter protein in Drosophila that links the receptor tyrosine kinase (RTK) signaling to the classical Ras pathway in regulating DNA synthesis and gene expression [11, 12] , however, Dock is not required for R-cell differentiation and fate determination determination [10] .
The Dock protein is highly homologous to the human proto-oncogene Nck [13] . Indeed, expression of a human Nck transgene in R cells almost fully rescued the dock phenotype [14] , suggesting strongly that Nck is the functional homolog of Dock in vertebrates. The structure of the Dock protein and the specific axonal projection phenotype support a model in which Nck/Dock links the guidance and targeting signals from growth-cone receptors to the actin cytoskeleton. By analogy with the action of Drk, it was proposed that Dock mediates growth-cone signaling by binding simultaneously to activated growth-cone receptors and downstream effector proteins [10] . Indeed, biochemical studies on Nck demonstrated that Nck binds via its SH2 domain to specific phosphotyrosine-containing motifs on activated cell surface receptors and simultaneously binds via its SH3 domains to a number of target proteins carrying a conserved PXXP motif, the consensus SH3-binding site [15] . Interestingly, many of Nck SH3-binding proteins, for instance, the Ste20-like serine/threonine kinase Pak (p21-activated kinase) and Wiskott-Aldrich syndrome protein (WASP), have been implicated previously in regulating actin dynamics in cultured cells [16, 17, 18, 19] . However, the biological function of Nck as well as the in vivo relevance of the physical interactions between Nck and its binding partners had not been determined at the time when the dock gene was identified. The identification of Dock thus not only serves as an excellent starting point for dissecting the mechanism of R-cell axon guidance and target recognition, but also provides a great opportunity for understanding the signaling mechanisms by which cell surface receptors communicate with the actin cytoskeleton in general.
As the first step towards understanding the Dock signaling pathway in R-cell growth cones, Rao and Zipursky performed mutagenesis analysis to determine the domain requirements for the function of Dock [14] . Single point mutation was introduced into the SH2 domain and each SH3 domain to inactivate the binding capacity. These mutant constructs were introduced into flies by germ-line transformation to generate mutant transgenic lines, which were then tested for their ability to rescue the dock null mutant phenotype. Surprisingly, it was found that the SH2 domain is not essential for rescuing the defects in R-cell guidance and growth-cone morphology, which appears to be due to the redundancy between the SH2 domain and two SH3 domains (i.e. SH3-1 and SH3-3) [14] . This is in marked contrast to the action of Drk and its homolog Grb2 in mammals and Sem-5 in C-elegans. The SH2 domain of Drk/Grb2/Sem-5 binds to tyrosine-phosphorylated receptor tyrosine kinases and is indispensable for the function of Drk/Grb2/Sem-5 in cell differentiation and proliferation [20] . Interestingly, while the SH2 domain is redundant with the SH3 domains for Rcell axon guidance and growth-cone expansion, it is essential for the establishment of neuronal connectivity in the inner optic lobe (i.e. lobula and lobula plate) [14] . It also appears likely that this functional redundancy between SH2 and SH3 domains does not exist for the role of Dock in regulating the lamina-specific targeting of R1-R6 axons (see below). These data argue strongly that Dock utilizes different combinations of domains in mediating distinct signaling events in different cellular processes or different cell types. Indeed, it has been shown that Dock binds to different sets of cell surface receptors in different cell types [21, 22, 23] . In R cells, Dock appears to be required in at least two distinct signaling pathways, one for R-cell axon guidance and growth-cone expansion, and another for R1-R6 growth-cone targeting (see below).
The DInR-Dock-Pak Signaling Pathway for R-cell Axon Guidance and Growth-cone Expansion
To understand the action of Dock in R-cell growth cones, it is necessary to identify cell surface receptors that function upstream of Dock, and intracellular effectors that are regulated by Dock-linked signals during R-cell growthcone guidance and target recognition. In Drosophila, Dock has been shown to physically associate with at least three cell surface receptors, including the fly homologs of human insulin receptor InR [23] , the Down syndrome cell adhesion molecule (DSCAM) [21] and the repulsive guidance receptor Roundabout (Robo) [22] . While it has been shown that InR is the upstream receptor for Dock in R-cell growth cones [23] , DSCAM and Robo appear to regulate Dock during the pathfinding of larval photoreceptor axons and the medline crossing of embryonic CNS axons, respectively [21, 22] . The mammalian genome contains three InR genes, which have been shown to be required for the control of metabolic activity as well as learning and memory in the nervous system [24, 25, 26, 27, 28] . Fly possesses a single InR gene, which is involved in regulating cell growth, longevity and female fertility [29, 30, 31] . Using the cytoplasmic domain of DInR as a bait in a yeast two-hybrid screen, Pick and colleagues identified Dock as a DInR-interacting protein [23] . DInR associates with Dock in adult flies, and is highly expressed in R-cell axons and their growth cones. dinr loss-of-function mutants displayed defects in R-cell axon guidance and growth-cone morphology that are almost identical to that in dock mutants [23] . These defects appear not to be caused by a general defect in R-cell growth and differentiation. Chico, the Drosophila insulin receptor substrate (IRS) homolog functioning downstream of DInR in mediating cell-growth signaling [32] , is not required for R-cell axon guidance [23] . The in vivo relevance of the physical interaction between DInR and Dock is further supported by the observed genetic interaction between dinr and dock during R-cell axon guidance [23] . Interestingly, DInR appears to bind to both SH2 and SH3 domains of Dock in a yeast two-hybrid assay [23] , which is consistent with the observed functional redundancy between SH2 and SH3 domains of Dock for R-cell axon guidance [14] . These observations thus build a compelling case for that DInR functions upstream of Dock during R-cell axon guidance. Given the fact that InR is required for learning and memory in mammals, it is likely that a similar interaction between Nck and InR also exists in the mammalian nervous system.
The search for downstream effectors of Dock in R-cell growth cones benefits greatly from previous biochemical studies on its mammalian homolog Nck, which led to the identification of more than twenty Nck-binding proteins [15] . Among them, the Ste20-like serine/threonine kinase Pak is particularly interesting. In cultured cells, it has been shown that Nck recruits Pak to the plasma membrane [33] . Subsequently, Pak is activated through its association with GTPbound active form of Rho family small GTPases Rac and Cdc42 [34] , key regulators of the actin cytoskeleton [35] . Pak binds to the 2 nd SH3 domain of Nck, which in Dock is essential for R-cell axon guidance. In mammals, the six Pak isoforms can be divided into two groups [36] . The polypeptide of the group I (i.e. Paks 1-3) Pak carries a N-terminal PXXP motif for binding to Nck, a CRIB motif (Cdc42/Rac interactive binding) for binding to small GTPases Rac and Cdc42, and a C-terminal serine/threonine kinase domain. Three pak-related genes are found in the fly genome, including pak [37] , mbt (mushroom bodies tiny) [38] and pak3. Among them, Pak is most closely related to the vertebrate group I Pak and also contains the consensus N-terminal PXXP motif responsible for binding to Nck. Indeed, Zipursky and colleagues demonstrated a direct association of Pak with Dock [39] . To determine if Pak and Dock functions in the same pathway in vivo, they took a reverse genetic approach to examine the role of Pak during R-cell growth-cone guidance [39] . Indeed, they found that mutations in the pak gene locus caused severe defects in R-cell axon guidance and growth-cone expansion that are almost indistinguishable from that in dock mutants. The function of Pak in R-cell growth cones requires the kinase domain, the Dock-binding PXXP motif, and the CRIB domain for binding to GTP-bound Rac and Cdc42 [39] . That expression of a membrane-tethered version of Pak substantially rescued the defects in R-cell axon guidance and growth-cone expansion in dock null mutants [39] , suggesting strongly that the action of Dock in R-cell axon guidance is to target Pak to the plasma membrane. Once reaching the plasma membrane, like the situation of the vertebrate Pak [34, 40] , the fly Pak may then be activated by GTP-bound Rac and Cdc42 to regulate the remodeling of the actin cytoskeleton within R-cell growth cones.
In vertebrates, GTP-bound active form of Rac and Cdc42 can both bind to Pak and stimulate its kinase activity [40] . Interestingly, later studies demonstrated that Rac but not Cdc42 is the major activator of Pak in R-cell growth cones [41, 42] . The fly genome contains three Rac-related sequences, including Rac1, Rac2 and Mtl (Mig-two-like), which appear to have largely overlapping function during development. While loss of all three Rac genes caused a dock-and pak-like Rcell growth-cone guidance phenotype [42] , mutations in Cdc42 appeared to mainly affect R-cell differentiation and cell survival [43] . Consistent with that Rac is the major activator of Pak in R-cell growth cones, mutations in the trio gene encoding for a guanine nucleotide exchange factor promoting GTP/GDP exchange on Rac but not Cdc42, also caused a pak-like R-cell axon guidance phenotype [41] . A role for trio in R-cell axon guidance was firstly demonstrated by Dickson and colleagues, who performed an elegant and simple eye-specific genetic screen to search for genes that are required autonomously during R-cell growth-cone guidance [44] . The fly Trio protein contains a N-terminal conserved domain, six Spectrin repeats, two GEF domains and a SH3 domain, all of which are also present in its homolog Trio in vertebrates and UNC-73 in C-elegans [45, 46, 47] . Unlike the vertebrate Trio [45] , however, the fly Trio does not contain the domain for binding to Lar, a receptor tyrosine phosphatase [48] . The action of Trio for promoting GTP/GDP exchange on small GTPases is dependent on its GEF domains consisting of a Dbl homology (DH) domain and a pleckstrin homology (PH) domain, which are folded together to form a pocket for small GTPases. Interestingly, only GEF 1, which promotes GTP/GDP exchange on Rac but not Cdc42 and Rho, is essential for R-cell growth-cone guidance [41] . Reducing the dosage of trio enhanced a weak dock loss-of-function phenotype, while reducing the dosage of pak enhanced a weak trio phenotype [41] . Moreover, A trio gain-of-function eye phenotype could be fully suppressed by loss of three Rac genes [42] . These studies suggest strongly that Trio functions upstream of Rac and Pak during R-cell axon guidance.
Thus, the combination of above biochemical and genetic studies supports a model in which Pak is activated sequentially by two signals (Fig. 2) . First, the activation of InR by one signal leads to the targeting of the Dock-Pak complex to the plasma membrane. Subsequently, the activation of Trio by another signal leads to an increase in the local concentration of GTP-bound Rac, which stimulates the activity of the membrane-associated Pak, thus allowing Pak to regulate actin dynamics during R-cell growth-cone guidance. Several basic questions still remain to be addressed. First, the ligand that binds and activates DinR during R-cell axon guidance is unknown. In Drosophila, seven insulin-like genes have been identified [49] . It will be of interest to determine if any of them acts as a guidance cue for InR in the fly visual system. If not, it will be necessary to search for other ligands that activate InR during R-cell axon guidance. Second, the upstream signal that activates Trio remains elusive. In mammals, Trio can associate directly with the receptor tyrosine phosphatase Lar [45] . Although the fly Trio does not contain the binding site for Lar, it does interact with Lar genetically during motor axon guidance in embryos [50] as well as the targeting of R7 axons in the visual system [51] . It is possible that Trio is also activated by a Lar-like receptor during R-cell axon guidance. Third, the mechanism by which Pak regulates actin dynamics in R-cell growth cones is unknown. It has been shown that the vertebrate Pak phosphorylates a number of cytoskeletal regulators, for instance, myosin light chain kinase and LIM kinase [36] . It would be of interest to determine if their fly homologs are also the substrates of Pak in R-cell growth cones.
The Dock-Msn-Bif Signaling Pathway for R1-R6 Growth-cone Targeting
Loss of dock not only caused defects in R-cell axon guidance and growth-cone expansion, it also disrupted R1-R6 growth-cone targeting [10] . In dock mutants, many R1-R6 axons bypassed the lamina, their appropriate target layer, and extended into the medulla instead (Fig. 1B) . By contrast, R1-R6 connectivity remains largely normal in pak and trio mutants [39, 41] . These observations suggest the presence of additional signaling proteins that interact with Dock during R1-R6 growth-cone targeting. Biochemical studies on Nck show that in addition to Pak, Nck also binds to another Ste20-like serine/threonine kinase NIK (Nck-interacting kinase) in cultured cells [52] . NIK belongs to the GCK subfamily of Ste20-like serine/threonine kinases [53, 54] , and has a homolog Misshapen (Msn) in Drosophila [55] and Mig-15 in C. elegans [56] , both have been shown to be required for cell shape changes during development. Like other GCK subfamily members, NIK/Msn/Mig-15 is comprised of an N-terminal kinase domain, and a C-terminal regulatory region containing binding sites for Nck but not for small GTPases. By taking a combination of biochemical and genetic approaches, we demonstrate that Msn functions downstream of Dock to regulate R1-R6 growth-cone targeting [57] . Dock binds via its first and second SH3 domains to the Proline-rich sequence on Msn [57, 58] . Loss of msn, like loss of dock, caused many R1-R6 growth cones to project aberrantly through the lamina into the medulla [57] . Conversely, overexpression of Msn led to premature growth-cone termination before they reached their normal lamina termination site. In addition to its physical association with Dock, msn also interacts genetically with dock during R-cell projections [57] . These data suggest strongly that Dock-mediated R1-R6 targeting requires the activation of Msn, which may phosphorylate one or more cytoskeletal regulators leading to the lamina-specific termination of R1-R6 growth cones.
In a search for the suppressors of a premature growth-cone termination phenotype induced by overexpression of Msn, we identified Bifocal (Bif), a putative cytoskeletal regulator [59] , as a downstream target of Msn in R-cell growth cones [60] . The bif gene was originally cloned by the Chia group [59] . Mutations in bif caused abnormal R-cell morphology. This observation, together with that Bif co-localizes with F-actin during development, led to the suggestion that Bif is a cytoskeletal regulator [59] . The potential role for Bif in R-cell growth cones was examined by genetic analysis [60] . Interestingly, like loss of dock and msn, mutations in bif also caused many R1-R6 growth cones to project aberrantly into the medulla. Like overexpression of Msn, overexpression of Bif also induced early growth-cone termination. Biochemical studies show that Msn directly associates with Bif and phosphorylates it [60] . Although it is unclear if Bif binds directly to F-actin, it promotes F-actin formation and co-localizes with F-actin in cultured cells. The effect of Bif on the actin cytoskeleton in cultured cells could be modulated significantly in the presence of Msn [60] . These studies support a model in which a Dock-linked targeting signal activates Msn, which phosphorylates Bif. Bif, in turn, directly or indirectly modulates the actin-cytoskeleton within R-cell growth cones leading to the termination of R1-R6 growth cones within the lamina (Fig. 2) .
The molecular nature of the stop signal and the upstream receptor for Dock during R1-R6 growth-cone targeting remains elusive. DinR has been shown to function upstream of Dock during R-cell axon guidance and growth-cone expansion (see above). It would be of interest to determine if DinR also interacts with Dock in specifying R1-R6 targeting. Since lamina glial cells appear to be essential for R1-R6 growth-cone targeting [7] , future genetic analysis of genes required in lamina glial cells for R1-R6 termination may help to identify the glial-derived protein that functions as a stop signal for R1-R6 growth cones in the lamina.
Dock-Sra-1-Kette, A Third Path to the Actin Cytoskeleton in R-cell Growth Cones?
In addition to its interaction with pak, msn and trio, dock also displays genetic interaction with kette in R-cell growth cones [61] . The kette gene encodes for a member of the evolutionarily conserved NAP-1/Hem2/GEX3 family proteins [61, 62] . Although it is unclear if Dock and Kette physically interact with each other in R-cell growth cones, their mammalian homologs Nck and NAP-1(Nck-interacting protein 1) do form an in vivo complex [63] . The association between Nck and NAP-1 is indirect and appears to be mediated by PIR/Sra1 (specifically Rac associated protein 1), which may bind directly to the 1 st SH3 domain of Nck [64, 65] . NAP-1/Kette and PIR/Sra1 are present in a large protein complex also comprising of Abi (Abelson-interactor) [66, 67] , SCAR/WAVE1 [68, 69] , and HSPC300 [70] . Biochemical studies show that the formation of this large complex prevents SCAR/WAVE1 from activating the Arp2/3 complex that initiates actin nucleation [70] . Consistently, genetic analysis in Drosophila demonstrates that reducing the dosage of scar largely suppresses the kette axon guidance phenotype in the fly embryo [71] . In addition to its inhibitory effect on the activity of SCAR/WAVE1, NAP1/Kette is also required for the stability of SCAR/WAVE1 [72, 73] . In Drosophila cultured cells, reducing the expression of Kette with RNAi treatment led to the degradation of the SCAR protein. Interestingly, it has been shown that the binding of Nck to PIR/Sra1 and NAP-1/Kette can release SCAR/WAVE1 from the inhibitory complex, leading to the activation of the Arp2/3 complex [70] . Similarly, Dock may interact with PIR/Sra1 and NAP1/Kette in R-cell growth cones to regulate the activity of SCAR, thus providing an additional mechanism for Dock to regulate actin dynamics during R-cell growth-cone guidance (Fig. 2) . Future studies will be necessary to examine the exact role of Kette in R-cell growth cones, and determine the potential cross-talk between the Kette pathway and other Dock-linked pathways.
Concluding Remarks
A decade ago, biochemical and genetic studies of the well-known SH2/SH3 adapter protein Grb2/Drk/Sem-5 greatly advanced our knowledge of the signaling mechanisms by which the signals are conveyed from cell surface receptors to the nuclei in regulating DNA synthesis and gene expression during cell growth and differentiation [20] . Similarly, recent studies on the signaling of the Nck/Dock SH2/SH3 adapter in R-cell growth cones have shed light on the molecular mechanism of another equally important cellular process, the communication between cell surface receptor and the actin cytoskeleton. Over the past eight years after the implication of Dock in R-cell axon guidance and target recognition, significant progress has been made in defining the signaling pathways by which Nck/Dock links growth-cone receptors to the actin cytoskeleton. These studies have led to the identification of several key players in the pathways, most of which are evolutionarily conserved. Some have also been shown to play a role in the mammalian nervous system. For instance, mutations in the brain-specific Pak isoform Pak3 cause nonsyndromic X-linked mental retardation in humans [74] , which may be due to an early axon guidance defect during development. The mammalian InR has also been implicated in learning and memory [25, 26, 27, 28] , which may reflect a role for InR in the wiring of neural network in mammals. Thus, in addition to continuously fill the gaps in the Nck/Dock signaling pathways for Rcell axon guidance and target recognition in Drosophila, a major challenge for the future is to define the role of Nck/Dock and its interacting proteins in the establishment of neuronal connectivity in mammals. Figure 1 . R-cell axon guidance and target recognition in the fly visual system. (A) In the wild-type fly visual system, R-cell axons form a highly organized projection pattern in the optic lobe. R1-R6 axons terminate in the lamina, while R7 and R8 axons project through the lamina into the medulla. Rcell growth cones expand significantly in size after reaching their appropriate target layer. (B) In dock mutants, R-cell axons form abnormal large bundles in both lamina and medulla. R-cell growth cones fail to expand. Some axons bypass the medulla. Many R1-R6 axons project aberrantly through the lamina into the medulla. Abbreviations: la, lamina; me, medulla; os, optic stalk. 
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